Synthetic genetic circuits allow us to modify the behavior of living cells. However, changes in 2 environmental conditions and unforeseen interactions with the host cell can cause deviations 3 from a desired function, resulting in the need for time-consuming reassembly to fix these 4 issues. Here, we use a regulatory motif that controls transcription and translation to create 5 genetic devices whose response functions can be dynamically tuned. This allows us, after 6 construction, to shift the on and off states of a sensor by 4.5-and 28-fold, respectively, and 7 modify genetic NOT and NOR logic gates to allow their transitions between states to be varied 8 over a >6-fold range. In all cases, tuning leads to trade-offs in the fold-change and the ability 9 to distinguish cellular states. This work lays the foundation for adaptive genetic circuits that 10 can be tuned after their physical assembly to maintain functionality across diverse 11 environments and design contexts. 12 Introduction 13
7 lower value 7, 27 . While such modifications can fix issues with device compatibility, they require 8 response function could be shifted to maintain a similar fold-change between low and high 194 output states (Figure 3a) . At these low THS/sRNA ratios the translation rate from the THS 195 transcript is limited by the sRNA concentration. However, as the sRNA transcription rate 196 increased a transition point was seen where for low THS transcription rates the sRNA is in 197 excess such that the THS transcript concentration limits the output protein production rate 198 (Figure 3a) . In contrast, at high THS transcription rates the sRNAs become limiting again but 199 allows for a relatively higher output protein production rate causing a larger fold-change in the 200 response function (Figure 3a) . Further stochastic modelling of the system showed that 201 increasing sRNA transcription rate also reduced variability in the distribution of protein 202 production rate across a population and lowered the fractional intersection between low (off) 203 and high (on) output states (Figure 3b) . 204 To experimentally verify the benefit of increasing the sRNA transcription rate, we built 205 a complementary sRNA booster plasmid that contained a high-copy pColE1 origin of (Figure 3c ). As the tunable devices are encoded on a plasmid with a p15A origin of 213 replication (~15 copies per cell; Supplementary Figure 3 ) 38 , we would expect that a five 214 times higher tuner sRNA concentration is reached when the sRNA booster is present.
215
Cells were co-transformed with each tunable genetic device and sRNA booster 216 plasmid, and their response functions measured (Figures 3D and 3E) . As predicted by the 217 modelling, the TES performance improved with more than a doubling in the fold-change 218 across all tuner promoter activities and a >40% drop in the intersection between low and high 219 output YFP fluorescence distributions ( Table 1) . For the tunable NOT gate only minor 220 differences in performance were seen with mostly small decreases in fold-change for high 221 tuner promoter activities. 224 In our initial designs, a RiboJ self-cleaving ribozyme was included in the TES and NOT gate 225 to insulate the translation of the yfp or phlF genes, respectively, from different 5' untranslated 226 region (UTR) sequences that might be generated when using different promoters as an input 227 (Figures 1a, 2a ) 39 . Any variable UTR sequences would be cleaved at the RiboJ site to 228 produce a standardized mRNA with more consistent degradation and translation rates. 229 Unfortunately, because RiboJ contains a number of strong secondary RNA structures 39,40 , it 9 is possible that the 23 nt hairpin at the 3'-end impacts the ability for the sRNA to interact with 231 the THS, reducing the hybridization rate (Figure 4a) . 232 To assess whether the RiboJ insulator might affect the stability of secondary structures 233 that are crucial to the TES's function, we performed thermodynamic modelling of the binding 234 between the THS mRNA and the tuner sRNA for variants of the TES design with and without To experimentally test these predictions, non-insulated variants of the TES and tunable 241 NOT gate were constructed in which RiboJ was removed. Characterization of these devices 242 showed major improvements in overall performance (Figures 4c and 4d) . The TES saw more 243 than a doubling in the dynamic range and a 10-fold increase in the fold-change between on 244 and off states across low and high tuner activity levels ( Table 1 ). In addition, the fraction of 245 intersection of the output YFP fluorescence distributions dropped by >50%. The tunable NOT 246 gate saw more modest improvements with a 73% increase in the fold-change at high tuner 247 activity levels, but an overall drop of 66% in the range of transition points (K values) that could 248 be achieved ( Table 1) (Figure 4c ). Similar drops of between 4-and 11-fold were also seen for 255 higher tuner promoter activities. Given that binding of a tuner sRNA to the THS mRNA should 256 be less hampered when RiboJ is absent, an increase not decrease in output protein production 257 would be expected. A possible explanation is that the stability of the THS mRNA decreased 258 after RiboJ was removed. This is supported by recent results that have shown the RiboJ 259 insulator both stabilizes its mRNA and also boosts the translation initiation rate of a nearby 260 downstream RBS 41 . The precise mechanisms for this are not well understood but it is thought 261 that the structural aspect of the RiboJ at the 5'-end of an mRNA inhibits degradation by 262 exonucleases, whilst the hairpin at the 3'-end exposes the nearby RBS by reducing the chance 263 of unwanted secondary structure formation 39,40 .
Self-cleaving ribozymes impact toehold switch function

264
Finally, we combined the non-insulated designs with the sRNA booster plasmid to see 265 whether further improvements could be made ( Table 1) . For the TES, we found that the 266 dynamic range had plateaued, with only moderate increases at low tuner promoter activities.
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In contrast, the fold-change between low and high outputs more than doubled across tuner 268 promoter activities when compared to the non-insulated design, and a further drop of >18% 269 was seen in the fractional intersection between the YFP fluorescence distributions for these 270 output states. The tunable NOT gate showed minor decreases in performance for many of the 271 measures ( Table 1) (Figure 5c ) showed that NOR logic was successfully made to mitigate its effect 52 . One approach has been to implement resource allocation 378 schemes based on split exogenous RNAPs 53 . This limits the maximum burden a circuit can 379 impose by providing fixed size pools of transcriptional resources that are orthogonal to the 380 endogenous ones. Because our devices can have their response dynamically tuned, they 381 could be used to boost the expression of downstream components to mitigate retroactivity 382 effects or even be used to cap to maximum levels of resource that can be used by a circuit.
383
For synthetic biology to have a broad impact outside of the carefully controlled 384 conditions of a lab, it is vital that we are able to build adaptive genetic circuits that are able to 385 maintain their functionality when exposed to unexpected environmental changes or shifts in to input promoter activities of 6.6 RPU and 0.002 RPU for the TES, and 1.5 RPU and 0.002 RPU for
